Abstract Microbial contamination induces surface deformations and strength degradation of cotton fabrics by invading deeply into the fibers. In this study, the sterilization effects of low pressure plasmas on bacteria-inoculated cotton fabrics were investigated. Oxygen plasma treatment completely sterilized the cotton fabrics inoculated with various concentrations of staphylococcus aureus. Also, the influence of plasma treatment on physical properties of fabrics was examined. It was found that the plasma treatment did not affect ultimate tensile strength and surface morphology of the fabrics because it took advantage of relatively low plasma temperature.
Introduction
Sterilization is based on either a physical or a chemical process that destroys or eliminates microorganisms, or both. Traditional methods for sterilization include autoclaving, dry heat, ethylene oxide (EO) gas, gamma ray and UV irradiation, which are reliable and well understood. However, all of these methods have their advantages as well as disadvantages. Heat treatment methods may not be suitable for low-melting point materials such as polymer based materials. An EO treatment is highly toxic, which can be absorbed in plastics. Radiation may also cause materials to undergo undesirable changes during sterilization.
Irradiation with gamma rays is a well known, low temperature sterilization technique. It is a costly process, not only because of the employed equipment but also because of the strict security precautions which have to be taken. Besides, the relatively high irradiation intensities affect not only the surface of the treated object, but also the bulk and, in the case of polymeric objects, they may degrade the polymeric chains and/or cross-links. This may affect useful lifetime or functionality of the object altogether.
For these reasons, a more rapid and less damaging method is needed to sterilize various materials. Sterilization by plasma is an alternative method to these conventional sterilization methods [1∼4] . Limitation of conventional sterilization methods has motivated the search for novel sterilization methods. Among them, plasma discharge at low-pressure and normal atmospheric pressure, and discharge based chemical agents, such as ozone, have been studied in the past decade. A sterilization experiment on bacterial endospores indicates that an argonoxygen plasma jet very effectively kills endospores of Bacillus atrophaeus, thereby demonstrating its capability of cleaning surfaces and its usefulness in reinstating contaminated equipment as free from toxic biological agents [5] . SOUŠKOVÁ et al. investigated the fungicidal effect of low-temperature plasma generated by positive direct current discharge, and its influence on the growth dynamics was evaluated for three micromycete species and yeast in water suspensions. The fungicidal effect was lower than analogous bactericidal effect and differs substantially among various fungal species [6] . Glow discharge is a novel sterilization system that meets the need for low-temperature, clean and quick disinfection [7∼9] . Plasma processes are efficient, environment friendly and fast and cost effective; they indeed affect only slightly the bulk material, and do not produce toxic by-products. Therefore, low temperature plasma sterilization is a green technique and is regarded as one of the most promising sterilization techniques [10∼22] , but there is scarce knowledge about the effect of plasma on fabrics to be sterilized.
In this research work, the effects of plasma treatment on the morphological and mechanical properties of sterilized cotton fabrics are investigated.
Experimental part
Woven Cotton fabric was kindly supplied by the Baft Azadi Co (Tehran, Iran). Before any treatment, fabrics were washed with 1 g/Lit nonionic detergent, and the washed samples were dried in a laboratory oven. Staphylococcus aureus 112 (Atcc 6358) was kindly supplied by Iranian Research Organization for science and technology (IROST) and used in all experiments. They were maintained on standard methods agar (Bacto TM , BD Diagnostic Systems, Sparks, MD) at 4
• C. A few days before inoculation, the strains were transferred onto new agar plates and cultured at 37
• C. For the sterilization test, the bacterial strains were suspended in normal saline (0.9% NaCl) to reach a cell concentration of 1×10 8 (CFU)/mL. Then it was diluted to a cell concentration of 1×10 7 (CFU)/mL and 1×10 6 (CFU)/mL. The cotton fabrics were divided to two parts and inoculated with each microbial suspension. After 24 hours of incubation at 37
• C, fabric samples were dried at room temperature for 60 min. Then one part of each inoculated fabrics were placed in reactor of plasma and exposed to plasma. A DC magnetronsputtering device was used for plasma treatment, with the schematic presented in Fig. 1 . Oxygen gas was used as working gas. An Al post cathode was used because of its lower sputtering rate. The chamber was pumped down to 2×10 −3 torr using a rotary pump, and then O 2 was admitted into the chamber to a pressure of 5×10 −2 torr. The current and voltage of the system were kept constant at 200 mA and 1,000 V, respectively. After plasma treatment, both treated and untreated samples were transferred into a screw cap tube containing 2 mL of normal saline and thoroughly shaken for 60 s. The strains in the saline were spread over a standard methods agar plate. After 3 days of incubation at 37
• C, the number of colonies was counted. It should be mentioned that, different time of plasma treatment up to 4 min was adopted.
In order to determine the influence of plasma treatment on the mechanical properties of cotton fabrics, the tensile strength at break of the fabrics was measured before and after plasma treatment. For testing the load and elongation at break values, fabric of length 20 cm and width 5 cm was mounted on an Instron 4302 Tensile-Tester at a cross-head speed of 50 mm/min.
The morphology of the plasma treated and nontreated fabrics was observed using a scanning electron microscope (SEM) (TESCAN Brno, Czech Republic). All of the samples were gold coated before conducting the SEM examination.
Results and discussion
The sterilization effects of oxygen plasma on bacterial colonies in cotton fabrics are shown in Fig. 2 . Although S. aureus was the most resistant bacterial strain to the plasma treatment, it is shown that, the number of recovered colonies after plasma treatment was significantly decreased. When the inoculated fabrics to 10 6 CFU/mL were exposed to plasma for 2 min, all the bacteria colonies were removed from the surface and killed. However in the case of 10 7 CFU/mL and 10 8 CFU/mL bacteria suspension, the amount of survival bacteria that remained on the agar plate is above zero at 2 min treatment. The amount of survival bacteria after plasma sterilization of 10 8 CFU/mL inoculated fabrics, reached 45 colonies of bacteria. And for 10 7 CFU/mL inoculated fabric, this amount reached 3 colonies. As it was mentioned in experimental part, different exposure of time was used till maximum sterilization was achieved. It is seen that, by increasing the time of plasma treatment to 4 min, all the bacteria colonies were removed from the surface of fabrics.
Therefore, it is suggested that low temperature oxygen plasma can sterilize cotton fabrics contaminated with microorganisms. Three basic mechanisms are involved in the plasma inactivation of microorganisms: (A) direct destruction by UV irradiation of the genetic material of microorganisms; (B) erosion of the microorganisms, atom by atom, through intrinsic photodesorption by UV irradiation to form volatile compounds combining atoms intrinsic to the microorganisms; (C) erosion of the microorganisms, atom by atom, through etching to form volatile compounds as a result of slow combustion of oxygen atoms or radicals emanating from the plasma [11, 12] . The UV and activated free radicals generated during plasma treatment weaken the cell wall of the microorganisms by reacting with the hydrocarbon bonds, and cause disruption of unsaturated bonds, particularly the purine and pyrimidine components of the nucleoproteins. Fig.3 The SEM micrographs of inoculated fabrics with different bacterial concentrations, before and after the plasma treatment
To investigate the effect of LTP on the strength of fabrics, two identical samples obtained before and after treatment were compared to each other by measuring their tensile strength using a tension test machine (Instron 4302). The maximum load at break was measured to be about 132 N/cm and the maximum strain was 14.12% for both samples. Note that no detectable difference was obtained within the accuracies of the measurement for both samples. The major advantage of plasma treatment on fabrics is the potential of cleaning and sterilization without deterioration of their mechanical strength.
The surface morphologies of the non-treated and plasma-treated cotton fabrics were then observed by SEM (Fig. 3) . It was revealed that plasma treatment did not alter the surface morphology of the fabrics. The plasma-treated fabrics were shown to have almost similar morphology to that of the non-treated fabrics. Also as it can be seen, after inoculation of fabrics in the suspension of bacteria, some spots that are related to bacteria appear on the surface of fibers. By increasing the concentration of bacteria suspension to 10 8 CFU/mL, the amount of this spots is increased. By plasma treatment on the inoculated fabrics, it can be seen that, these spots will be completely removed and killed.
Conclusion
In this research work, the effect of plasma treatment on the morphological and mechanical properties of sterilized cotton fabric were investigated. Also, the influence of plasma treatment on physical properties of fabrics was examined.
It was shown that oxygen plasma treatment could completely sterilize the cotton fabrics contaminated with various concentrations of Staphylococcus aureus. However, the parameters of plasma treatment such as time of exposure play an important role. It was also found that the plasma treatment did not affect ultimate tensile strength and surface morphology of the fabrics.
These results suggest that oxygen plasma can be effectively used as an alternative method for sterilizing and protecting cotton fabrics.
